I. INTRODUCTION
The Ni-Mn-X ͑X = Ga, Sn, In, Sb͒ Heusler alloys have been shown to display diverse physical properties such as magnetic shape memory, magnetocaloric, magnetic superelasticity effects, magnetoresistance, and exchange bias. [1] [2] [3] [4] [5] [6] [7] The coupling between the structure and magnetic order leads to these exotic properties. Recently much attention has been paid to understand the magnetic properties, phase transformation, and martensitic structures in Ni-Mn-In alloy system because of their potential applications. [8] [9] [10] Previous studies have focused mainly on the effect of Mn/In ratio on the structure, magnetic properties, and martensitic transformation in Ni 50 Mn 50−x In x alloys. Krenke et al. 8 have investigated in detail the structural and magnetic properties of Ni 50 Mn 50−x In x ͑0.05Յ x Յ 0.25͒ alloys. The giant Hall effect, giant magnetothermal conductivity, metamagnetic behavior, and exchange bias phenomenon has been reported in Ni 50 Mn 50−x In x alloys. [11] [12] [13] The effect of partial substitution of Ni by Co, and In by Si, Al, Ga, Ge, Sb on magnetic properties, phase transition temperatures, and magnetocaloric effect ͑MCE͒ has been investigated in Ni-Mn-In system. [14] [15] [16] [17] However, the influence of excess Mn at the Ni site ͑or Ni/Mn ratio͒ on structure, phase transition temperatures, magnetic properties, and MCE has not been studied in these system. In our recent work, by selectively tuning the Ni/Mn ratio in the Ni 50−x Mn 37+x In 13 alloys, we have reported the highest magnetic entropy change ͑⌬S M ͒ of 23.5 J/kg K at room temperature ͑308 K͒ in a low field of 2 T. 18 Magnetism in Ni-Mn-In Heusler alloys is essentially determined by the Mn sublattice and is explained in terms of an indirect exchange via conduction electrons. 19 The occupation of excess Mn atoms at Ni or In site in the off-stoichiometric Ni 2+x Mn 1+y In 1−x−y Heusler alloy modifies the Mn-Mn exchange interaction and leads to ferromagnetic/antiferromagnetic ͑FM/AFM͒ coupling depending on the band structure. This kind of coupling alters the magnetic moment of the martensite and austenite phases very sensitively. The variation in Ni/Mn ratio also changes the phase transition temperatures. In this paper, we report a detailed investigation on the effect of Ni/Mn ratio on structure, phase transition, and the magnetic properties in Ni 50−x Mn 37+x In 13 alloys.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Ni 50−x Mn 37+x In 13 ͑x =2,3,4,5͒ were prepared by arc melting the constituent elements ͑purity more than 99.9%͒ in argon atmosphere and were remelted several times. The samples were annealed in vacuum for 6 h at 1170 K and then quenched in water. X-ray diffraction ͑XRD͒ was performed on Philips diffractometer at room temperature using Cu K ␣ radiation. Magnetic properties were measured using a vibrating sample magnetometer ͑ADE make-model EV9͒. The phase transformation temperatures between the martensite and austenite phases were determined by using differential scanning calorimeter ͑DSC͒ ͑TA make, model Q100͒ with a cooling/heating rate of 20 K/min.
III. RESULTS AND DISCUSSION

A. Structural studies
The XRD patterns measured at room temperature for Ni 50−x Mn 37+x In 13 ͑x=2,3,4,5͒ alloys are displayed in Fig. 1 . The analysis of the diffraction patterns reveal that all the alloys are formed in single phase. The first two alloys ͑x Յ 3͒ display identical patterns while the other two ͑x Ն 4͒ show a different pattern. The reflections in the patterns for alloys with x = 2 and 3 are indexed to a nonmodulated martensite of tetragonal L1 0 structure as shown in Figs The XRD patterns exhibit a much simpler pattern on increasing the x value to 4 or 5 ͑increasing Mn content͒, corresponding to a more symmetric structure as seen in Figs. 1͑c͒ and 1͑d͒. All the reflections are indexed with an austenite phase of cubic L2 1 structure ͑space group-Fm3m͒. The value of the lattice parameter a = 0.5989 nm for x = 4 has increased to a slightly higher value of 0.6011 nm on increasing the x to 5. Krenke et al. 8 have observed a similar XRD patterns in bulk alloys of Ni 0.50 Mn 0.50−x In x with 0.05Յ x Յ 0.25. Table I presents the lattice parameters and the unit cell volumes ͑V͒ obtained in the Ni 50−x Mn 37+x In 13 ͑x=2,3,4,5͒ alloys. As can be seen, the martensite phase of L1 0 structure presents a larger volume than that of austenite phase of cubic L2 1 structure. By replacing Ni with Mn, the lattice parameters and lattice volumes of the both the austenite and martensite phases become larger as a consequence of the replacement of smaller atomic radius Ni ͑0.162 nm͒ by the larger atomic radius Mn ͑0.179 nm͒. The XRD results indicate that the small variation in the Ni/Mn ratio changes the crystal structure of the phases from martensite to austenite at room temperature in this alloy series.
B. Calorimetric studies
In order to determine the structural transition temperature ͑T M ͒ the DSC studies were carried out in the Ni 50−x Mn 37+x In 13 alloys during heating followed by cooling cycles. Figure 2 displays the DSC thermograms recorded for Ni 50−x Mn 37+x In 13 alloys with ͑a͒ x=2, ͑b͒ x=3, ͑c͒ x = 4, and, ͑d͒ x = 5. A well defined endothermic peak appears in the martensite to austenite phase transformation during heating, while an exothermic peak is observed in the austenite to martensite phase transformation during cooling. The characteristic transition temperatures namely, martensite start and finish ͑M s ,M f ͒, and austenite start and finish ͑A s ,A f ͒ as marked in the DSC thermograms are shown in Table II . A small peak, change in base line, corresponding to the Curie temperature of the austenite phase ͑T C A ͒ is also evident in the Fig. 2 . It can be noticed from Table II that the martensitic transition temperature ͕͓T M = ͑M s +A f ͒ / 2͔͖ decreases with Mn concentration. For example, the T M value has decreased from 364.5 K for x = 2 to 248 K for x = 4. On increasing the x value further to 5, no T M is observed in the DSC curves over the studied temperature range of 170-375 K, however, T C A appears at 318 K in the DSC curve. Probably, T M has shifted to a value below 170 K or this specific alloy composition does not show any martensitic transformation. In agreement with this result, Krenke et al. 8 have also not observed any kind of martensitic transformation when x Ͼ 0.16 in the similar alloy series Ni 0.50 Mn 0.50−x In x . The observed martensite structure for x = 2 and 3 alloys and the austenite structure for x = 4 and 5 alloys in XRD pattern are in accordance with the DSC results displaying T M values more than 300 K for the former ones and less than 300 K for the latter two in this series.
It is known that the compositional dependence of T M in Heusler alloys is associated with the valence electron concentration ͑e / a͒. 20 As can be seen from Table II , an increase in the e / a ratio increases the T M value in the Ni 50−x Mn 37+x In 13 alloys. Furthermore, the alloy x = 5 with e / a value of 7.83 does not display martensitic transforma- only exhibit martensitic transformation. In the present alloy series, the e / a value of x = 5 lies below the critical value ͑7.86͒ and hence, not undergoing martensitic transformation. It implies that the system undergoes martensitic transformation only when the e / a value lies in a critical range irrespective of the Ni, Mn, and In content in the sample, i.e., the variation in Ni/Mn ͑present alloys͒ or Mn/In ͑alloys in Ref.
8͒ has the same effect on martensitic transformation if the e / a value remains constant. This kind of trend has also been reported in other Heusler Ni-Mn-X ͑X = Ga, Sn, and Sb͒ alloys. [21] [22] [23] It is interesting to observe that the alloy with x = 3 and 4 in this series exhibit multiple peaks in the DSC curve ͓Figs. 2͑b͒ and 2͑c͔͒. These multiple peaks signify the occurrence of intermartensitic transitions in these alloys. Similar intermartensitic transitions have been reported earlier in Ni-Mn-X ͑X = Ga, In͒ alloys. 8, 24 The enthalpy and the entropy changes ͑⌬H M-A and ⌬S t M-A ͒ associated with the structural transition are estimated from the DSC thermograms using the following equations:
The DSC thermograms of Ni 50−x Mn 37+x In 13 alloys ͑a͒ x=2, ͑b͒ x=3, ͑c͒ x=4, and ͑d͒ x = 5 in the martensite↔ austenite phase transformations during heating followed by cooling at a common rate of 20 K/min. 
and the obtained values in both heating and cooling cycles are presented in Table III . According to the data in Table III , the alloy with x = 4 presents a much smaller ⌬H M-A value of 1.7 J/g in comparison to the value of 9.9 J/g at x = 3, or 14.8 J/g at x = 2 in Ni 50−x Mn 37+x In 13 alloy series during martensite to austenite transition. Furthermore, the same trend has been observed during austenite to martensite transition. As in the case of ⌬H M-A , the value of ⌬S t M-A is also found to be higher for x = 2 and 3 alloys. The large ⌬H M-A and ⌬S t M-A values could be ascribed to the concurrent structural and magnetic transitions leading to spin-lattice coupling in both alloys. For x = 2 alloy, the magnetic transition T C A Ϸ 360 K appears in between the A s ͑353 K͒ and A f ͑372 K͒ points and also for x = 3 alloy, T C A ͑315 K͒ occurs in the same range as that of A s ͑310 K͒ and A f ͑347 K͒ points. The total entropy ͑S͒ of a magnetic material constitutes of electronic, lattice, and magnetic parts. 25 Therefore, significant amount of magnetic contribution in addition to the lattice part results in large ⌬S t M-A values in the alloy with x = 2 and 3. Conversely, the magnetic and structural transitions ͑T C A = 311 K, A s = 231 K, and A f = 261 K͒ are far away in alloy with x = 4 leading to lower ⌬S t M-A value. In Table III , the ⌬H M-A and ⌬S t M-A values decrease with increase in Mn content. In other words the decrease in e / a ratio causes a decrease in these parameters. The similar dependence of ⌬H M-A and ⌬S t M-A on concentration ͑or e / a ratio͒ was reported in other Heusler alloys such as Ni-Mn-X ͑X = Ga, Sn, Sb͒. 22, 23, 26 Furthermore, the peak temperature ͑T M-A ͒ in DSC thermograms measured during heating followed by cooling as listed in Table III demonstrate a significant amount of thermal hysteresis of the order 9-15 K.
C. Magnetic properties
In order to investigate the structural and magnetic transitions further in the Ni 50−x Mn 37+x In 13 alloys, thermomagnetic curves were measured during a field cooling ͑FC͒ followed by a field heating ͑FH͒ in a field ͑B͒ of 5 mT in the temperature range of 110-450 K. Thermomagnetic curves obtained for the Ni 50−x Mn 37+x In 13 alloys with ͑a͒ x=2, ͑b͒ x=3, ͑c͒ x = 4, and, ͑d͒ x = 5 are shown in Fig. 3 . For x = 2 alloy, the FH and FC curves in Fig. 3͑a͒ exhibit distinct transitions in the temperature range 150-450 K. In the temperature range 150-325 K the FH curve retraces the FC curve with a defined martensitic Curie temperature ͑T C M ͒ at 170 K where the FM martensite ͑M FM ͒ transform to paramagnetic martensite ͑M PM ͒. 27, 28 The FC and FH curves corresponding to T C M transition are not completely seen at low temperatures due to the measurement equipment limitation. Increasing the temperature above T C M promotes M PM to FM austenite ͑A FM ͒ transition with a sharp peak at 354 K in FH curve. The magnetization ͑͒ slowly decreases above 354 K as it transform from A FM to paramagnetic austenite ͑A PM ͒.
Here, it is difficult to determine the exact value of T C A because of appearance of simultaneous structural and magnetic transitions. However, a value of approximately 360 K could be assumed from the FH curve. The FC curve does not retrace the FH curve just below T C A but exhibit considerable hysteresis indicating a first order structural transition as observed in DSC data. The austenite and martensite phases coexist in a narrow temperature interval of 339-360 K indicates the occurrence of congruent structural and magnetic transitions, i.e., first order magnetostructural transitions ͑FOMST͒ in this alloy. Since the magnetic and structural transition occur simultaneously, it is difficult to identify the transformation temperature A f precisely. The A s , M s , and M f points, where the changes its path, are marked on the FH and FC curves, respectively. The value starts decreasing below T C A point over the following temperatures in the FC curve as the fraction of the A FM phase progressively decreases. The decrease in the value below T C A and observation of T C M transition indicates that the martensitic state does not sustain long range ferromagnetism in the temperature range T C M -T C A . This implies that the martensitic phase acts as a non-FM entity in this temperature range and hence the total value of the mixed austenite-martensite phase decreases as the temperature lowers.
The FC and FH thermomagnetic curves in Fig. 3͑b͒ for Ni 50−x Mn 37+x In 13 ͑x=3͒ alloy reveal that the sample is in A PM state at high temperatures and transform to A FM state on cooling, with a sharp peak in FC curve at T C A = 315 K. Around T C A the FC curve does not coincide with the FH curve, which results in hysteresis corresponding to the martensitic transition. As the temperature lowers the A FM transform to M PM indicated by the decrease in the value. At lower temperatures the FC curve retraces the FH curve with defined T C M at 125 K related to M FM to M PM transition. This sample also exhibits FOMST around room temperature. The T C A transition overlaps with the structural transition, making it difficult to determine the A f and M s points. However it is possible to identify A s and M f .
In Fig. 3͑c͒ for Ni 50−x Mn 37+x In 13 ͑x=4͒ alloy, the FC and FH curves present a different behavior, the structural and magnetic transitions are well separated, as compared to the other alloys which has been discussed above. The transition from M FM to M PM is observed at 160 K, denoted by T C M , where the FC curve retraces the FH curve. Heating above T C M promotes the M PM to A FM transition, indicated by the sharp rise in the value in the FH curve with structural transition A s . As seen in the Fig. 3͑c͒ , the structural transition is evidenced by the hysteresis between the FC and FH curves in the range of 225-250 K. The transition temperatures ͑A s ,A f ͒ and ͑M s ,M f ͒ are clearly identified in the FH and FC curves, respectively. As the temperature increases further, the A FM transforms to A PM at a temperature defined as T C A = 311 K, where the FC curve coincides with the FH curve.
Unlike other Ni 50−x Mn 37+x In 13 ͑x=2,3,4͒ alloys, the FC and FH curves in Fig. 3͑d͒ for Ni 50−x Mn 37+x In 13 ͑x=5͒ alloy exhibits only a single magnetic transition corresponds to A FM to A PM at T C A = 314 K in the measured temperature range. The observation of magnetic transition at T C A = 318 K in the DSC curve ͓Fig. 2͑d͔͒ also supports the thermomagnetic results. The transition temperatures A s , A f , M s , M f , and T C A determined from the thermomagnetic curves are shown in the Table II. As noticed from the Table II, where the martensitic transformation takes place from the austenitic phase with long range FM order to the martensitic phase with non-FM components. Furthermore, long range FM order regains once more at T C M below which the increases as in the case of a ferromagnet. The strength and nature of magnetic interactions in the martensitic and austenitic phases are very important in determining the magnetic properties of Ni 50−x Mn 37+x In 13 alloys which will be investigated further below. Figure 4 displays the as a function of B in different temperature regimes of phase and magnetic transitions for Ni 50−x Mn 37+x In 13 ͑x=2,3,4,5͒ alloys. In Fig. 4͑a͒ for x = 2 alloy, the -B curve is not saturated at 110 K, below T C M ͑170 K͒, but reflects some kind of FM characteristic. Between T C M and A s ͑347 K͒, the -B curve exhibits the typical paramagnetic behavior as shown by a linear -B curve at 300 and 340 K. 27, 28 In the FOMST regime, near to T C A = 360 K, -B curve is linear at 350 K but value of reaches higher than that of the value at 340 K. Above T C A , the -B curves resembles of paramagnetic nature. The nonsaturation behavior displayed in the -B curve is the evidence for the presence of non-FM entities in the sample. The -B curve in Fig. 4͑b͒ for Ni 50−x Mn 37+x In 13 ͑x=3͒ alloy shows a typical paramagnetic behavior at 340 K, above T C A = 315 K, and resumes a FM ͑125 K͒ and A s ͑306 K͒, the -B plot again illustrates a linear behavior characteristic of a paramagnet. In fact the value ͑at B=2 T͒ at 340 K reaches higher value than that of the value at lower temperature 200 K. It indicates that the magnetic interactions in the M PM phase are weaker than that of higher temperature A PM phase. The plot reveals a FM behavior below T C M as shown in Fig. 4͑b͒ at 110 K. The -value at 313 K reaches higher value than that of 110 K for same field value. It is due to the fact that the saturation magnetization of low temperature martensite phase is smaller that that of high temperature austenite phase. In this sample also, the -B curve shows nonsaturation behavior indicating the presence of non-FM entities in the FM matrix.
In Fig. 4͑c͒ for x = 4 alloy, the sample is in the M FM phase at 110 K, below T C M = 160 K, reflected by the FM characteristic in the -B curve. In the intermediate temperature range ͑T C M Ͻ T Ͻ A s ͒, the -B plot resumes a typical paramagnetic behavior as shown at 200 K due to M PM phase at these temperatures. At 273 and 300 K, above A f , the -B curve again shows a FM behavior with higher value. Though the sample is in the A FM state, the -B plot is not fully saturated. Above T C A = 314 K, the plot displays a linear behavior ͑at 330 K͒. For x = 5 alloy in this series ͓Fig. 4͑d͔͒, at low temperature ͑110 K͒ and at 300 K, the plots exhibit the typical FM behavior as it has a single magnetic transition ͓Fig. 4͑d͔͒. In the three alloys ͑x=2,3,4͒ which exhibit two different FM states with T C M Ͻ T C A , the -B curves are not saturated in the measured temperature range, suggesting the existence of non-FM components in the FM matrix.
As discussed above, the coexistence of the non-FM components within the FM matrix is the source for the nonsaturation. The nature of the non-FM components could be in the form of AFM correlations which could evolve due to the substitution/interchange of the atoms with Mn. As Mn is substituted for Ni in the alloy series Ni 50−x Mn 37+x In 13 , the excess Mn atoms occupy Ni sites. In such structures, Mn atoms can have Mn atoms as nearest neighbors along some crystallographic directions. Under this situation, the Mn-Mn distances are smaller than that in the stoichiometric compound, and hence, likely to introduce AFM exchange giving rise to local noncollinear spin configurations. 29, 30 Because of these configurations, the competition between the FM coupling and incipient AFM coupling arising from Mn atoms at different crystallographic sites can lead to the above observed behavior in the present samples. Furthermore, the variation in the atomic distances as result of distortion of lattice in the martensite phases significantly alters the strength of the AFM exchange. The observation of exchange bias phenomena in Ni-Mn-In material system by Pathak et al. 31 pling within the FM state below T C M . 32 Neutron diffraction investigations on similar material systems like Ni-Mn-Sn and Ni-Mn-Sb also demonstrated the presence of AF exchange in the system. 28, 33 Mössbauer studies on Ni 50 Mn 36.5 Fe 0.5 Sn 13 alloy have suggested the paramagnetic nature of the martensite phase in the temperature range of T C M Ͻ T Ͻ A s . 27 However, this study could not clarify the nature of magnetic interactions in the martensite phase. All these results suggest the FM-AFM correlations in the Ni 50−x Mn 37+x In 13 alloy system. In combining the results of Ref. 8 with our present study, the effect of Ni/Mn or Mn/In concentration ratio on phase transformation and magnetic properties in Ni-Mn-In alloys is similar if the e / a value of the system remains unchanged.
IV. CONCLUSIONS
We have studied the effect of varying the Ni/Mn ratio on the structure, martensitic transformation, and magnetic properties in Ni 50−x Mn 37+x In 13 alloys. Decrease in Ni/Mn ratio or increase in Mn content in Ni 50−x Mn 37+x In 13 alloys lead to decrease in martensitic transformation temperature. Martensitic transformations in these alloys are found above a critical value of valence electron concentration of 7.86. The magnetization studies reveal the presence of AFM-FM interactions in the alloys with two different magnetic transitions ͑T C M Ͻ T C A ͒ corresponds to martensite and austenite phases. The influence of Ni/Mn or Mn/In ratios on martensitic transformation and magnetic properties is similar in the alloys which have same e / a value. Particularly, the alloy with x = 3 is potential candidate for room temperature magnetic refrigeration applications, since it exhibit coupled magnetostructural transition near room temperature.
